Eph receptors have been implicated in cell-to-cell interaction during embryogenesis. We generated EphA2 mutant mice using a gene trap method. Homozygous mutant mice developed short and kinky tails. In situ hybridization using a Brachyury probe found the notochord to be abnormally bifurcated at the caudal end between 11.5 and 12.5 days post coitum. EphA2 was expressed at the tip of the tail notochord, while one of its ligands, ephrinA1, was at the tail bud in normal mice. In contrast, EphA2-de®cient notochordal cells were spread broadly into the tail bud. These observations suggest that EphA2 and its ligands are involved in the positioning of the tail notochord through repulsive signals between cells expressing these molecules on the surface. q
Introduction
The Eph receptor-type protein tyrosine kinase family is one of the largest tyrosine kinase families consisting of 14 members, and their cell surface ligands are known as the ephrin ligand family consisting of eight members. Ephrin ligands are divided into two subclasses based on their type of membrane attachment; type A ligands attach to the cell surface through glycosylphosphatidylinositol linkages while type B ligands are transmembrane proteins. Eph receptors are also classi®ed as EphA and EphB receptors on the basis of their speci®c af®nities to the ephrin ligand subclasses (Orioli and Klein, 1997) , although there are some exceptions; EphA4 also binds to ephrinB2 and ephrinB3 in addition to ephrinA ligands.
Eph receptors and ephrin ligands are expressed in restricted regions during embryogenesis (Holder and Klein, 1999) , and play important roles in neurogenesis Krull et al., 1997; Orioli and Klein, 1997; Robinson et al., 1997; Xu and Wilkinson, 1997) , angiogenesis (Adams et al., 1999; Wang et al., 1998) and somitogenesis (Durbin et al., 1998) . Several mutant mice de®cient in Eph and ephrin ligand family members have been generated to date, and it has been shown that many of them exhibit defects in neurogenesis (Dottori et al., 1998; Frisen et al., 1998; Henkemeyer et al., 1996; Orioli et al., 1996; Park et al., 1997) . Angiogenesis has also been impaired in ephrinB2 mutant mice (Wang et al., 1998) .
Interestingly, Eph and ephrin are expressed in a complementary manner and this expression pattern is shown to be important for the morphogenesis of many organs (Dottori et al., 1998; Durbin et al., 1998; Frisen et al., 1998; Helmbacher et al., 2000; Henkemeyer et al., 1996; Orioli et al., 1996; Park et al., 1997) . For example, Eph receptors are located only in venous vessels while ephrin ligands are located in arterial vessels. This distribution is thought to be important in preventing venous cells from intermingling with arterial cells (Adams et al., 1999; Wang et al., 1998) . Adjacent, non-overlapping expression of these molecules has also been shown during the process of neurogenesis, including the diencephron and methencepharon , retina and tectum Henkemeyer et al., 1996; Holash and Pasquale, 1995; Kenny et al., 1995) , rhombomeres (Becker et al., 1994; Bergemann et al., 1995; Gale et al., 1996) and spinal cord (Dottori et al., 1998) , and is suggested to be important to axonal guidance. Other than these, this type of expression pattern has also been demonstrated in somitogenesis Irving et al., 1996; Kilpatrick et al., 1996) , neural crest cell migration in rhombomere (Wilkinson, 1993; and limb development .
These complementary expression patterns are thought to be elicited by bi-directional signaling between Eph receptor-expressing and ephrin ligand-expressing populations Xu et al., 1999) . It is suggested that bi-directional activation causes suppression of cell mobility or de-adhesion of adjacent cell populations, resulting in Eph receptor-expressing and ephrin ligand-expressing populations repulsing each other and the prevention of intermingling (Huynh-Do et al., 1999; Mellitzer et al., 1999; Xu et al., 1999) .
EphA2, a member of the EphA receptor family, is expressed in highly restricted regions in developing mouse embryos in contrast to its widespread expression in adult mice (Ganju et al., 1994; Ruiz and Robertson, 1994) . EphA2 expression is ®rst observed along the primitive streak in gastrulation stage embryos (6.5±7.5 days post coitum (dpc)). In neural plate to early head fold stage embryos (7.5±7.75 dpc), the most distal region of the primitive streak corresponding to the de®nitive node gives strong EphA2-speci®c staining. After the tail bud is formed and the node is diminished, the tip of the notochord maintains intensive EphA2 expression (10.5±12.5 dpc). EphA2 is also expressed in the developing rhombomere, branchial arch and caudal neuropore.
EphA2 can bind all the members of the type A ephrin ligands. Among them, ephrinA1 is expressed in the primitive streak, the lateral mesoderm and intensively in the tail bud at 9.5 dpc Shao et al., 1995) . This expression pattern implies that EphA2 and ephrinA1 may have a role in notochord formation. However, little is known about the functions of the Eph±ephrin system in the notochord formation.
In this study, we generated EphA2 mutant mice using the gene trap method (Gossler et al., 1989; Rossant and Joyner, 1989) , and found that these mice exhibit the kinky and short tail phenotype. Vertebrae of the tail were malformed and the number of vertebrae was abnormally decreased in some cases. Whole-embryo in situ hybridization with a Brachyury (T ) probe and a Sonic hedgehog (Shh) probe revealed that the tail notochord formation was abnormal and split into two lines in some embryos. Ectopic paraxial mesodermal formation was observed with Pax1 staining consistent with abnormal notochord formation. A novel function of the Eph± ephrin system in notochord formation will be discussed.
Results

Generation of EphA2 mutant mice exhibiting kinky tail phenotype
We obtained 329 trap clones by insertion of the viral vector in which the lacZ±neo fusion gene was placed downstream of the splicing acceptor (Fig. 1A) . Preselection was carried out in order to isolate trapped genes whose expression was reduced by retinoic acid in vitro (Forrester et al., 1996) . The expression of the trapped gene was monitored by the expression of the lacZ gene. We found that lacZ expression was reduced by retinoic acid in 115 clones (35%); then . LTR, MoMuLV long terminal repeat; NLSb-geo, fusion DNA sequence of NLS, b-galactosidase and neomycin-resistant gene; pA, polyadenylic acid additional signal. (B) DNA sequence obtained by 5 H RACE PCR. A part of the exon 1 sequence (from 108 to 178 nt between the arrows) of the EphA2 gene was followed by the trap vector sequence. Poly (G) tail was derived from poly (C) tail, which was added upstream of elongated cDNA just after ®rst strand cDNA synthesis. SalI and ClaI sites in the pBluescript are indicated. Arrows indicate subcloned EphA2 sequence. (C) Southern blot analysis of the EphA2 mutant allele with a lacZ probe. Genomic DNA from heterozygous liver was digested with HindIII (H), NheI (Nh), XbaI (X) or NcoI (Nc). Southern hybridization was carried out with a lacZ probe. (D) Northern blot analysis of EphA2 mutant mice. Total RNA (10 mg) from the liver was electrophoresed and hybridized with an EphA2 188±688 nt sequence in exon 2. The ®lter was rehybridized with a neo probe and a b-actin probe. (E) Schema of the vector insertion site and mutant mRNA. The trap vector was inserted downstream of EphA2 exon 1. EphA2 mRNA from mutant allele was spliced from exon 1 to the b-geo gene and stopped at the pA site in the trap vector. The downstream probe (188±688 nt sequence) used for Northern hybridization is indicated.
we generated ®ve lines of gene trap mutant mice from these trap clones with the most clear phenotype. Staining with 5-bromo-4-chloro-3-indolyl-galactopyranoside (X-gal) of heterozygous embryos showed that the CN3 line gave an interesting lacZ expression pattern during embryogenesis as described below. Then, we analyzed this clone further.
To identify the trapped gene, the 5 H upstream sequence was ampli®ed using the inserted lacZ gene by the 5 H rapid ampli®cation of cDNA ends (RACE) method. We found that the upstream sequence is identical to a part of the exon 1 sequence of the EphA2 gene (from 108 to 178 nt) (Ganju et al., 1994) , indicating that the trap vector was inserted in intron 1 of the EphA2 gene (Fig. 1B) . Southern hybridization with a lacZ probe using four different restriction enzymes indicated that the insertion occurred at a single site of the chromosome (Fig. 1C) . To examine whether the EphA2 mRNA located downstream of exon 1 was expressed, the 3 H region of the EphA2 mRNA in the liver was quanti®ed using the exon 2 probe. The expression level of the 3 H region of the EphA2 gene in homozygous mice was less than 2% of that seen in wild-type mice (Fig. 1D) . Immunohistochemistry using anti-EphA2 antibody against the EphA2 C-terminal region (Santa Cruz #sc-924) also showed that the EphA2 protein was not produced in the mutant mice (data not shown). Thus, these results indicate that the trap vector is inserted downstream of exon 1 of the EphA2 gene, and the downstream of exon 2 is not expressed in the mutant mice (Fig. 1E) .
We then generated homozygous mutant mice by intercrossing 129/SvJ £ C57BL/6J F1 heterozygous mice. Homozygous offspring were obtained in a Mendelian ratio, and they were healthy and fertile. We found that homozygous mutant mice exhibited varying degrees of kinky and short tails ( Fig. 2A) . In these abnormal tails, extra vertebrae were found at ectopic sites as indicated by the arrows (Fig. 2B,C) . This ectopic vertebra formation, which was not on the anterior-posterior (A-P) axis, was observed in all the curved sites of the tails. Examination of the tails by their appearance and touch revealed that about half of the mutant mice seemed to have kinky tails, while this phenomenon was observed in less than 4% of wild-type and heterozygous mice (Table 1) . Furthermore, eight out of nine mutant mice with normal looking tails presented ectopic tail vertebrae when tail histology was examined in detail (Fig. 2B) . Thus, it was clearly shown that EphA2 mutation affects the tail vertebra formation.
We then investigated the tail morphology during embryogenesis, and found that morphological abnormality was detected during embryogenesis ( Fig. 2E,F) , ®rst between 12.5 and 13.5 dpc (Table 1) . At 11.5 dpc, almost all tails of mutant embryos were indistinguishable from those of the control embryos. Although the crown-rump length of mutant and wild-type embryos was not different signi®cantly, the ratio of the tail length to the crown-rump length in mutant mice was already less than that in control mice after 13.5 dpc when the caudal tail structure was not yet generated (Fig. 3) . Therefore, morphological abnormality of the tail starts to appear between 12.5 and 13.5 dpc.
Adjacent, non-overlapped expression of EphA2 and ephrinA1 during formation of the tail notochord
To investigate the pathogenesis of the kinky tail phenotype, we examined the expression pattern of the EphA2± lacZ fusion gene by X-gal staining and that of ephrin ligands, ephrinA1, ephrinA2 and ephrinA4, by in situ hybridization using RNA probes of these genes. LacZ expression in heterozygous mice was detected at the node from 7.5 through 9.5 dpc, at the rhombomere 4 between 8.5 and 9.5 dpc embryos, at the posterior neuropore of 9.5 dpc embryos Table 1 Penetrance of kinky tail appearance
Developmental stage
Kinky tail appearance (%)
Adult 1/88 (1.1) 4/102 (3.9) 46/100 (46.0) 13.5 dpc ± 0/9 (0.0) 10/17 (58.8) 12.5 dpc ± 0/7 (0.0) 6/19 (31.6) 11.5 dpc ± 0/10 (0.0) 1/12 (8.3) (Fig. 4A) , and at the limb bud, lung and nose of the 12.5 dpc embryos ( Fig. 4F ). In adult mice lacZ mRNA was detected in the lung, intestine and liver (data not shown). These lacZ expression patterns coincide well with the EphA2 expression patterns previously shown by in situ hybridization (Ganju et al., 1994; Ruiz and Robertson, 1994) . LacZ was also expressed at the tip of the tail notochord from 9.5 through 12.5 dpc (Fig. 4A ,B,D,F,H). When the sections from the distal part (early developmental stage) to the proximal part (progressed stage) were examined, the expression was ®rst detected at the presumptive notochord before the appearance of the neural tube or the tail gut (see Fig. 6B ). The strong and focused lacZ expression continued after notochordal cell aggregation (see Fig. 6F ). It faded out gradually and disappeared where the ®rst somite was formed (data not shown).
On the other hand, ephrinA1 mRNA was expressed in the tail bud from 10.5 through 11.5 dpc, while it was not expressed in the notochord, as shown in Fig. 5 . At the tip of the tail (Fig. 6 , upper diagrams, transverse section at the plane as shown by (a)), ephrinA1 was expressed in all mesenchymal cells (Fig. 6M) . When the presumptive notochord began to form, ephrinA1-negative cells emerged at the site (indicated by arrow in Fig. 6N ). Afterward, notochordal cells continued to stay ephrinA1-negative (data not shown). X-gal and ephrinA1 double staining revealed that EphA2-and ephrinA1-expressing cells were juxtaposed within the tail bud (Fig. 6R) . Thus, EphA2-expressing cells resided close to ephrinA1-expressing cells, but they were not intermingled. Neither ephrinA2 nor ephrinA4 mRNA could be detected in the tail of mid-gestation embryos (data not shown).
Ectopic expression of EphA2 and aberrant axial mesodermal formation in homozygous mutant embryos
It was noteworthy that the lacZ expression pattern in homozygous mutant tails was greatly different from that seen in heterozygous mutant tails. Although EphA2 expression was widespread around the newly-formed notochord and the neuropore in heterozygous mutant tails at 9.5 dpc (Fig. 4A) , it was concentrated in a small area at the tip of the notochord after neuropore closure (Fig. 4B,D,F,H) . The lacZ expression pattern and morphology of homozygous Fig. 4 . LacZ expression patterns in embryos stained with X-gal. (A,B,D,F,H) Heterozygous and (C,E,G,I) homozygous EphA2-de®cient embryos. (H,I) About 3.5-fold higher magni®cation of (F,G), respectively. Embryonic stage: 9.5 dpc (A), 10.5 dpc (B,C), 11.5 dpc (D,E) and 12.5 dpc (F±I). Arrows indicate the tip of the notochord and arrowheads indicate the most caudal somites. Fig. 3 . The ratio of the tail length to crown-rump length. The tail length and the crown-rump length of each embryo were measured under a microscope and the ratios are indicated. The numbers examined were: eight at 12.5 dpc, nine at 13.5 dpc, and 12 at 14.5 dpc (heterozygous mutant embryos); 19 at 12.5 dpc, 14 at 13.5 dpc, and six at 14.5 dpc (homozygous mutant embryos). Open bars indicate heterozygous EphA2-de®cient embryos (1/2) and solid bars indicate homozygous embryos (2/2). Values indicate averages with standard deviations. Asterisks indicate a statistical signi®cance between heterozygous and homozygous mutant embryos (Student's t-test).
mutant tails were indistinguishable from those of heterozygous mutant tails until 10.5 dpc (Fig. 4B,C) . However, at 11.5 dpc, lacZ-expressing cells spread more broadly and extended into the more caudal region in the homozygous mutant tails, although morphological differences were still not apparent between heterozygous and homozygous mutant tails at this stage (Fig. 4D,E) . At 12.5 dpc in homozygous mutant tails, the tip of the tail became wider and lacZ-positive cells seemed to be concentrated not at a unique site but rather at two points as shown by the arrows in Fig. 4I . Tail sections revealed that lacZ-positive cells were ®rst detected at the same position in the heterozygous mutant tails. However, they were not concentrated. Afterward, the growing end of the notochord became enlarged compared to that of heterozygous mutant tails and lacZpositive cells were scattered into the presumptive neural tube and blood vessel wall. Furthermore, abnormalities of the blood vessel formation were found in homozygous mutant tails. Normally, two tail veins and an artery run longitudinally. However, in homozygous mutant tails the number of blood vessels was changed, and their caliber was larger than that of heterozygous mutant tails (Fig.  6H±K) . Moreover, the wall of the neural tube was thickened and multi-layered in homozygous mutant tails, in contrast to the normal mice normally having a single cell layer (Fig.  6J,K) .
In homozygous mutant tails, ephrinA1 expression appeared normal at 10.5 (Fig. 5B,D) through 11.5 dpc (Fig.  5F ,H), although some of them with abnormal morphology showed ectopic expression of ephrinA1 at a later stage (data not shown). EphrinA1 expression was never detected in the lacZ-positive cells as heterozygous mutant tails (Figs. 5 and 6).
T is a good marker for notochord formation because it is cell-autonomously required for notochord differentiation (Rashbass et al., 1991) . Whole-mount in situ hybridization with a T probe on 11.5 and 12.5 dpc embryos revealed that notochord formation was abnormal in homozygous mutant embryos (Fig. 7B,C,E,F,H,I ) as compared with heterozygous mutant embryos (Fig. 7A,D,G) . In homozygous mutant embryos, the caudal notochord was bifurcated into two lines (Fig. 7C,H,I ) and the bifurcated notochords were abnormally intertwined (Fig. 7H) . On the other hand, the rostral notochord was formed normally (Fig. 7B,E,F) .
Sclerotome formation was visualized using a Pax1 probe as a sclerotome marker (Deutsch et al., 1988) . Ectopic sclerotomes were formed at the caudal tail where the bifurcated notochords had been formed 1 day before (Fig. 7M) . To con®rm that, the expression pattern of Shh, which is the actual inducer of sclerotome differentiation (Cossu et al., 1996) , was examined. Shh was expressed within the notochord in heterozygous and homozygous mutant tails. However, in homozygous mutant tails, the Shh signal was bifurcated as was the notochord (Fig. 7J,K) . These observations suggest that formation of the ectopic sclerotome was induced by a signal from the second extra notochord.
Discussion
3.1. Generation of EphA2-de®cient mice exhibiting kinky and short tail phenotype EphA2 mutant mice were generated by insertion of a gene trap vector into intron 1 of the EphA2 gene. Although an EphA2 exon 1±lacZ fusion mRNA that lacks the coding region of the tyrosine kinase and the transmembrane domain of the EphA2 protein was expressed, the intact EphA2 mRNA was not detected in the mutant mice. It indicates that most of the trapped mRNA stopped at the poly (A) site in the trap vector. Consistent with this observation, the EphA2 protein was not detected by immunostaining. Thus, these mutant mice are considered to be defective in the EphA2 gene. They were healthy and fertile, and appeared normal except that they showed kinky and short tail phenotypes.
Abnormal tail morphology in the EphA2 mutant mice was ®rst observed at 12.5 dpc during embryogenesis when the rostral half of the tail had been generated. Tail notochords between 11.5 and 12.5 dpc, as detected by staining with a T probe, were not straight and bifurcated into two lines with winding in a complex manner (Fig. 7C,H,I ).
During these developmental stages, EphA2, as revealed by X-gal staining, and ephrinA1, as monitored by in situ hybridization, were expressed in a close apposition in a mutually exclusive manner at the tip of the tail in heterozygous mutant mice. EphA2 was intensively expressed in cells of the newly-formed notochord or in cells destined to be the notochord, while ephrinA1 was expressed at the tail bud. The EphA2±lacZ fusion gene expression pattern was identical to that of EphA2 determined by either in situ hybridization or immunostaining (Ganju et al., 1994; Ruiz and Robertson, 1994) , suggesting that the expression speci®city of the EphA2 promoter was not affected by proviral integration. In contrast, the lacZ expression pattern in homozygous mutant mice was found to be different. The expression was widespread and extended to a more caudal region where ephrinA1 was expressing (Fig. 4D,E) . In some cases, lacZ expression was detected at both tips of bifurcated notochords in 12.5 dpc homozygous tails (Fig. 4I) . On the other hand, the EphrinA1 expression pattern in most homozygous mutant mice was not changed from the wild-type or heterozygous mutant mice at 12.5 dpc. Ectopic expression was observed, however, in some homozygous tails, probably due to morphological changes of the tip of the tail. These results indicate that abnormal tail morphogenesis of the EphA2 mutant is due to the abnormal formation of the tail notochord. Our data suggest that EphA2-expressing cells avoid the ephrinA1-expressing region (tail bud) in normal mice, resulting in the extension of the notochord at the tip of the notochord. In contrast, in mutant mice, newly-formed notochordal cells in the tail bud were not segregated from ephrinA1-expressing cells but rather spread widely as a consequence of the lack of EphA2. These observations indicate that EphA2 is important to distribute tail notochordal cells in the right position. Furthermore, these observations strongly suggest that EphA2-and ephrinA1-expressing cells repulse each other, as do other members of the Eph±ephrin family (Holder and Klein, 1999) .
The role of EphA2 in the tail notochord formation
According to the observations mentioned above, we propose a possible model for the formation of the tail notochord (Fig. 8) . At 10.5 dpc when the neuropore has just closed and the tail bud is formed, newly-formed notochordal cells express EphA2, while tail bud cells around the tip of the tail notochord express ephrinA1. As a consequence, EphA2-expressing cells are excluded from the tail bud and aggregate at the tip of the notochord, due to the repulsive interaction between EphA2-and ephrinA1-expressing cells. In the EphA2 mutant, however, newly-formed notochordal cells could migrate into the tail bud freely and make bifurcated notochords.
Differentiation of somites was affected by abnormal notochord formation as demonstrated by Pax1 expression (Fig.  7M) . Shh secreted from the notochord induces differentiation of somites into sclerotomes, which further differentiate and grow longitudinally to form vertebrae (Cossu et al., 1996) . Thus, if the notochord is formed aberrantly, the sclerotomes can differentiate ectopically causing the development of ectopic vertebra in adults. This explains well how kinky and short tails are formed in EphA2 mutant mice. This mechanism is somewhat different from that reported in zebra®sh in which somitogenesis is directly affected by ectopic expression of the Eph or ephrin ligand (Durbin et al., 1998) . However, we think that somitogenesis itself may not be affected in EphA2 mutant mice because EphA2 and ephrinA1 express more caudal to the location of somitogenesis. This is the ®rst report showing a crucial role of EphA2 in axial mesoderm formation. So far, no defect in axial mesoderm has been previously reported in any other Eph or ephrin mutant mice. With regard to this, it should be noted that EphA4 is also expressed in the developing notochord, but the notochord was formed normally in EphA4-de®cient mice (Dottori et al., 1998; Helmbacher et al., 2000) . In EphA2-de®cient mice, only the tail notochord formation was affected. These results suggest that EphA2 and EphA4 could compensate for each other in axial mesoderm formation. Intercross between EphA2 mutant and EphA4 mutant mice will prove this possibility.
EphA2 mutant mice have been previously reported by other authors to exhibit no de®nite phenotypes (Chen et al., 1996) . Although we cannot de®nitely explain why phenotypes of our mutant mice are different from theirs, one explanation could be a difference in the genetic background of the mice used in these studies. Our mice were of 129/SvJ and C57BL/6J mixed genetic background, while theirs were C57BL/6J. In fact, when our mutant mice were backcrossed to C57BL/6J mice for four generations, the kinky tail phenotype was slightly alleviated (data not shown). Although Michel et al. also reported generation of EphA2 knockout mice, there was no description of the phenotype (Chen et al., 1996; Michael et al., 1999) .
Molecular mechanisms of axial mesoderm formation in the tail
Tail mesoderm derives from the tail bud mesenchyme after neuropore closure (10.5 dpc) (Grif®th et al., 1992; Fig. 8 . Schematic model of EphA2 and ephrinA1 expression at the tip of the tail. (A) Heterozygous EphA2-de®cient tails. EphA2-and ephrinA1-expressing cells interact repulsively in the tail bud, and newly-formed notochordal cells at the tip of the notochord do not diffuse because these cells are surrounded by ephrinA1-expressing cells. These repulsive interactions guide the notochord to grow along the A-P axis. (B) Homozygous EphA2-de®cient tails. Although the distribution of the ephrinA1-expressing cells is normal, newly-formed notochordal cells intermingle with the ephrinA1-expressing cells due to the absence of the repulsive interaction between EphA2 and ephrinA1. This results in the formation of abnormal notochord that leads to the formation of kinky and short tails in adult. The blue color in (A) indicates EphA2-positive/lacZ-positive cells in heterozygous mutant tails, pink in (B) indicates EphA2-negative/lacZ-positive cells in homozygous mutant tails, and red indicates ephrinA1-expressing cells. ) High magni®cation of (B,D±F), respectively. Whole-mount in situ hybridization with a T probe at 11.5 dpc (A±C), and 12.5 dpc (D±I), with a Shh probe at 12.0 dpc (J,K), and with a Pax1 probe at 13.5 dpc (L,M). Arrows indicate signals in the notochord; arrowheads in (M) indicate ectopic signal of Pax1. Wilson and Beddington, 1996) . While axial mesoderm is involved in notochord formation, paraxial mesoderm lines along the A-P axis, and separates into somites. Normal tail growth requires mesoderm formation and its growth along the A-P axis. A large number of tail mutants and several genes involved in tail formation have already been identi®ed (Greco et al., 1996; Keller-Peck and Mullen, 1997; Louvi et al., 1997; Seller and Adinol®, 1981; Wilkinson et al., 1990; Wilm et al., 1998) . However, little is known about how the notochordal cells were guided and concentrated at the tip of the tail and what molecules are involved in this step.
Recent studies have revealed that certain tail abnormalities may be caused by abnormal migration or differentiation of the axial mesoderm. For example, the axial mesoderm cannot be formed in HNF3b -de®cient mice because HNF3b is involved in the differentiation of cells destined to be the node and notochord (Ang and Rossant, 1994; Weinstein et al., 1994) . In the case of Danforth's short tail (Sd) mutant, degeneration of notochord was suggested (Asakura and Tapscott, 1998) . On the other hand, T mutant mice, which have a deletion in the T gene, have a defect in posterior axial mesoderm migration (Wilson and Beddington, 1997; Wilson et al., 1993 Wilson et al., , 1995 . In contrast to the defects caused by these mutations, EphA2 is thought to be necessary for the proper distribution of notochordal cells at the tip of the notochord. Although the phenotype was similar to the T/1 mutant, T and EphA2 functions are clearly different; T seems to guide mesodermal cells through long distance, whereas EphA2 function is local to aggregate the newlyformed notochordal cells around the tip of the notochord. Moreover, there were many morphological differences in detail (Gruneberg, 1958) . For example, the T/1 phenotype is ®rst detected at 10.5 dpc, when EphA2 mutant embryos are indistinguishable from wild-type embryos. In T/1 embryos notochordal cells often merge neural tubes and tail gut. However, we have never observed such a case. Therefore, we thought the phenotype of the EphA2 mutant was independent of other tail mutants. We also checked for the possibility that cell death caused the morphological change, but pycnosis was not seen on the sections. We examined apoptosis using the TUNEL method. However, apoptosis was not signi®cantly enhanced in the homozygous mutant tails (data not shown).
Although little is known about migration and positioning of notochordal cells in the tail bud, it is thought that a process similar to that in the trunk also takes place in the tail. The tail bud contains an organizer function similar to that in the node (Knezevic et al., 1998) , and tail bud mesoderm is pluripotential when cultured in vitro (Grif®th et al., 1992) . As notochordal cells are derived from the node at the trunk region, a node-like region may also exist at the tip of the notochord in the tail region; both the chick and the Xenopus have such a region called the chordneural hinge (Charrier et al., 1999) . In mice, the chordneural hinge has not been found yet. However, several organizer markers are expressed at the tip of the tail notochord as well as in the node (Gof¯ot et al., 1997) . EphA2 is also expressed in this hypothetical`tail node'. It is possible that EphA2, via interaction with ephrin ligands such as ephrinA1, is required in order for the`tail node' position to be maintained at the tip of the notochord.
In summary, we have shown that the Eph±ephrin system is involved in tail notochordal cell positioning, a function for this system not previously described. These ®ndings may provide important clues for the understanding of the mechanisms for notochordal cell guiding and positioning in the trunk.
Materials and methods
Gene trap by insertion of a ROSANb-geo retroviral vector and preselection with retinoic acid
A ROSANb-geo retroviral vector was constructed by modifying the ROSAb-geo vector . A SV40 T antigen-derived nucleus localizing signal (NLS) fragment in pAxCANLacZ (Kanegae et al., 1995) was isolated by ClaI digestion and inserted between the ClaI site downstream of the splice acceptor sequence and the ClaI site in the lacZ gene (Fig. 1A) . The generation of retroviral producer cell lines, determination of virus titer and subsequent virus infection of R1 embryonic stem (ES) cells (Nagy et al., 1993) were carried out as described previously . Brie¯y, linearized trap vector (20 mg) and PGKneobpA ) (2 mg) were co-electroporated (290 V, 500 mF) into 2 £ 10 6 GP 1 E86 packaging cells (Markowitz et al., 1988) and selected with 1 mg (active form)/ml G418 (GIBCO/BRL; Life Technologies, Inc., MD) for 2±3 weeks. Virus titer in the supernatant was determined using R1 ES cells and it was approximately 10 5 cfu/ml. For the preselection, retinoic acid was added to DMEM containing 5% fetal calf serum (FCS) at a concentration of 10 25 M and trap clones were cultured in this medium for 3 days. Then ES cell lysate was examined for the intensity of lacZ expression. The lacZ expression was quanti®ed using the chrolophenol red-b-Dgalactopyranoside (CPRG) assay method (Eustice et al., 1991) .
Production of chimeric mice and mutant embryos
Chimeric mice were generated from trap clones using a modi®ed aggregation method (Nagy et al., 1993) as described previously (Asano et al., 1997) . Eight-cell stage embryos were recovered from C57BL/6J female mice (Japan SLC, Inc., Shizuoka, Japan) mated with BDF1 male mice (Japan SLC, Inc.), and these were aggregated with a clump of ES cells. The aggregated embryos were incubated in Biggers, Whitten and Whittingham (BWW) medium in a CO 2 incubator (at 378C with 5% CO 2 ) overnight and then transferred into the uterus of pseudopregnant MCH female mice (Clea Japan, Inc., Tokyo, Japan). Male chimera mice were bred with C57BL/6J female mice in order to test for germ-line transmission of the dominant agouti coat marker. The homozygous mice used for the experiments were produced by crossbreeding of F1 heterozygous mice (129/SvJ £ C57BL/6J). To determine genotypes, about 20 mm 2 of the earlobes were cut off and the DNA extracted from them was used for dot blot hybridization with a lacZ probe. Heterozygotes and homozygotes were distinguished by the intensity of the lacZ signal which was normalized with an endogenous gene signal (interleukin-1b). Embryos for whole-mount staining were prepared by intercrossing the F1 homozygous male and wild-type female (for heterozygous embryos), or homozygous female (for homozygous embryos). Mice were kept under speci®c pathogen-free conditions in an environmentally controlled clean room at the Center for Experimental Medicine, Institute of Medical Science, University of Tokyo. The experiments were conducted according to institutional ethical guidelines for animal experiments and safety guidance for gene manipulation experiments.
Isolation of cDNA of the trapped gene
The 5 H end of the trapped EphA2 cDNA was isolated by 5 H RACE using the 5 H RACE system (GIBCO/BRL). Poly A (1) RNA was isolated from the EphA2 trapped CN3 clone using the oligo dT column (F. Hoffmann-La Roche Ltd., Basel, Switzerland). First strand cDNA synthesis from poly A (1) RNA was primed with primer 1 (5 H -GCTGCAAGGCGATTAAGTTG-3 H ) in the lacZ sequence. After dCTP tailing with terminal deoxinucleotidyl transferase (Amersham Pharmacia Biotech, Uppsala, Sweden), cDNA was collected using a GENECLEAN kit (BIO 101). The ®rst polymerase chain reaction (PCR) was performed using primer 2 (5 H -GTAACGCCAGGGT-TTTCCCA-3 H ) in the lacZ 5 H sequence and the anchor primer (5 H -GGCCACGCGTCGACTAGTACGGGiiGGGiiGGGiiG-3 H ) containing the SalI site (GIBCO/BRL). Then nested PCR was performed using primer 3 (5 H -GCTC-ATGATGCACGGTCTGC-3 H ) in the NLS and ampli®ca-tion primer (5 H -GGCCACGCGTCGACTAGTAC-3 H ) in the anchor primer sequence. Ampli®ed fragments were then subcloned into the SalI and ClaI sites of Bluescript KS (1). DNA sequencing analyses were carried out using the dideoxy chain-termination method Thermo Sequenacē uorescent labelled primer cycle sequencing kit and an ALF-DNA sequencer (Amersham Pharmacia Biotech).
Southern and Northern blot hybridization analysis
Genomic DNA was prepared from the liver and digested with restriction enzymes, electrophoresed on a 0.7% agarose gel and then transferred to a nylon membrane (Gene Screen Plus; NEN, USA). Total RNA was prepared from the liver using the acid guanidinium thiocyanate-phenolchloroform method (Chomczynski and Sacchi, 1987) .
Total RNA was electrophoresed on a 0.8% denatured agarose gel and transferred to a nylon membrane. Hybridization was carried out according to standard methods (Sambrook et al., 1989 ) using 32 P-labeled DNA probes made with the Random primer extension labeling system (NEN).
X-gal staining
After tail skins were peeled off (only postnatal mice), tails were ®xed in a ®xative (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 1% formaldehyde, 0.2% glutaraldehyde and 0.02% NP40) at 48C for 10 min, washed in phosphate-buffered saline (PBS) twice and stained with X-gal (GIBCO/BRL) in a staining solution (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 2 mM MgCl 2 , 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 , 0.1% X-gal) for 48 h at 308C. After staining, tails were re®xed in 10% formaldehyde/PBS and embedded in paraf®n according to the standard procedure. Tail sections of 7±8 mm were prepared and counter-stained with Fast Red. In the case of whole-mount X-gal staining, embryos were washed three times with PBS, ®xed with ®xative and then stained with X-gal as described above. For double staining, embryos were incubated for 3±4 h at 348C in staining solution containing 10 mg/ml heparin sodium salt (SigmaAldrich Corporation, MO), and re®xed in paraformaldehyde (PFA) phosphate buffer (PB). After these treatments, embryos were used for in situ hybridization.
Whole-mount in situ hybridization
Whole-mount in situ hybridization steps were carried out as described previously (Xu and Wilkinson, 1998) . The embryos were ®xed in 4% PFA/PB and dehydrated in a graded concentration of methanol series diluted with PBT (PBS containing 0.1% Triton X-100). Then, they were rehydrated in a graded concentration of methanol series in PBT, treated with 10 mg/ml proteinase K and re®xed with 0.2% glutaraldehyde/4% PFA. After washing with PBT, embryos were subjected to hybridization at 558C overnight. Embryos were then washed three times with 2£ SSC/0.1% CHAPS (Sigma-Aldrich) containing 50% formamide at 558C, twice with 2£ SSC/0.1% CHAPS, twice with 0.2£ SSC/0.1% CHAPS at 558C, and ®nally twice with KTBT (50 mM Tris±HCl (pH 7.5), 150 mM NaCl, 10 mM KCl, 0.01% Triton X-100). After washing, embryos were ®rst incubated in blocking solution (10% FCS in KTBT) at room temperature for 3 h, and then in anti-digoxigenin-alkaline phosphatase/10% FCS at 48C overnight. The following day, the embryos were washed ®ve times with KTBT at room temperature for 1 h to overnight. After being sunk in NTMT (100 mM Tris±HCl (pH 9.5), 50 mM MgCl 2 , 100 mM NaCl, 0.1% Triton X-100) twice, embryos were then stained with 3.5 ml/ml 5-bromo-4-chloro-3-indolyl-phosphate and 4.5 ml/ml 4-nitro blue tetrazolium chloride. Embryos were observed under a Leica WILD M10 stereomicroscope and photographs were taken using a CCD camera (HC-2500, FUJI FILM, Japan). Antisense single-stranded RNA probes of ephrinA1, ephrinA2, ephrinA4, T, Shh and Pax1 were synthesized using a digoxigenin-RNA labeling system (F. Hoffmann-La Roche Ltd.).
